Abstract -In recent years, wind power penetration into the grid increased rapidly in Jiuquan, supported by the Provincial government to "establish a 'Hexi Wind Power Corridor' and to rebuild a Western 'Terrestrial Three Gorges Dam'". Jiuquan, as part of Silk Road along Hexi Corridor in China's Gansu Province, is far away from any load centers. Wind farms in this region are connected to 110 kV or above transmission network with a weak grid configuration and the transmission passage is the bottleneck of wind power delivery. This paper studies the integration of wind power into Jiayuguan-Jiuquan (Jia-Jiu) Grid focusing on the impact on Gansu Provincial Power Grid operation. By using power system analysis software package and the latest wind turbine models the transient stability is analyzed and a Special Protection Scheme (SPS) is configured to improve the wind power delivery ability. The results show that the SPS is effective. Discussions and suggestions are also included.
Introduction
Gansu, with 237 GW total wind power reservation and 27 GW development potential, is one of the provinces with rich wind energy in China. Located in the western end of Hexi Corridor, Jiuquan possesses the most abundant wind resource in Gansu. There are up to 50,000 square kilometers, which is 10.6 % of the provincial land available to develop wind power. With the promulgation and implementation of the Renewable Energy Law as well as the government support for the development and utilization of clean and renewable energy, wind power and small hydropower have been developed rapidly. Nevertheless, power delivery capability is the bottleneck for both wind and small hydropower development, and the situation is much worse in Jia-Jiu Grid.
There are many studies on the impacts of wind power integration on grid [1] - [6] . The research subjects on wind farm integration into power system are put forward in [1] . The impact of large scale wind power production on the Nordic electricity systems is studied and the impact on both the technical operation of the power system and the electricity market are investigated in [2] . The impact of large wind farm integration on power system transient stability is studied in [3] and the conclusion is that the doubly-fed induction generator (DFIG) based wind farms' impact on power system transient stability is better than the conventional synchronous generator with same capacity. The overall impact of wind power on power system, the progress of wind power integration study, and research methodologies are analyzed and discussed in [4] . The impact of wind power on the power system dispatching and operation is analyzed with practical experiences in [5] and the transmission ability of planning northwest grid with integration of large wind power is simulated in [6] . However, there has not been much study on the impact of wind power integration in weak grid and the improvement of the wind power delivery ability under grid constraints.
Jia-Jiu Grid is located in the end of Gansu provincial grid, which can be divided into the east and west parts according to the load distribution. In its center, Jiayuguan 330 kV Substation of the eastern part grid is connected to the main grid through two 330 kV lines. Guazhou 330 kV Substation and Yumen 330 kV Substation of the western part grid are connected sequentially to Jiayuguan 330 kV Substation through one 330 kV line. In order to ensure the power supply reliability for Jiayuguan, Dunhuang and other important tourist attractions, Jia-Jiu Grid is operated with 330/110 kV electro-magnetic loop. Wind farms are connected to Jia-Jiu Grid at Guazhou 330 kV Substation, Yumen 330 kV Substation and Yangguan 110 kV Substation respectively. By the end of 2009 the installed capacity of wind power has reached 807.1 MW. In addition, small hydropower in the Jia-Jiu power grid has also been developed at a quite fast speed and current capacity reached to 252.93 MW with 50 % each in the west and the east. The peak load level of Jia-Jiu Grid is about 480 MW, which gives rise to more than 600 MW of wind and hydropower to be delivered to the main grid. At the same time, the seasonal changes of hydropower and variability of wind power have made the power dispatching and operation more difficult.
In order to fully deliver the surplus wind and hydropower, the power grid structure needs be strengthened and SPS should be properly installed to improve power transmission ability. Two Hexi 750 kV transmission lines are currently under construction and expected to be in operation by the end of 2010. Before the completion of the 750 kV project, the adoption of SPS will be the primary means to increase Jia-Jiu Grid transmission capacity. This paper, based on the field case of wind power connection to Jia-Jiu Grid, analyzes wind power impact on the transient stability of the power grid, as well as the usage of SPS to improve transient stability and wind power delivery ability.
Grid Structure and Calculation Conditions

Grid Structure
Jia-Jiu Grid consists of the east power grid and the west power grid. The east power grid is in radial configuration with the 330 kV Jiayuguan Substation as its center; the west power grid is also in radial configuration with the 330 kV Guazhou and Yumen substations as the center. In order to ensure the power supply reliability for Jiayuguan, Dunhuang and other important tourist attractions, Jia-Jiu Grid is operated with 330/110 kV electro-magnetic loop. Figure 1 shows Jia-Jiu Grid by the end of 2009 [7] , the installed wind farm capacity shown in Table 1 . 
Calculation Conditions
(1) The calculation is conducted using the Power System Analysis Software Package [8] , which contains generic model of squirrel cage induction generator (SCIG), the DFIG and Permanent Magnet Synchronous Generator (PMSG). The stability calculation model is formed based on the Jia-Jiu Grid as shown in Figure 1 , in which wind power generators in farms A, B, C are SCIG, and D, E, F, G are DFIG. Under normal operation and direct connection to a strong AC grid, SCIG is very robust and stable when installed capacity is relative small. But when the installed capacity is relative large, in the case of a fault, SCIG can lead to voltage instability in weak grid without reactive power compensation system. The wind turbine rotor may speed up, for instance, when a fault occurs, owing to the imbalance between the electrical and mechanical torque. Thus, when the fault is cleared, SCIG draws a large amount of reactive power from the grid that leads to a further decrease in voltage. The DFIG can operate with variable speed to gain high efficiency, to capture the largest possible energy available from the wind and reduce torsional stress and windage friction to the blades of the wind turbine. It has the ability to control reactive power and to decouple active and reactive power by independently controlling the rotor excitation current. It is not necessary for DFIG to be magnetized from the power grid. And DFIG can be magnetized from the rotor circuit, too. It is also capable of generating reactive power, which can be delivered to the stator by the grid-side converter. However, the grid-side converter normally operates at unity power factor and is not involved in the reactive power exchange between the turbine and the grid. In the case of a weak grid, where the voltage may fluctuate, the DFIG may be used to supply or absorb an amount of reactive power to or from the grid, by means of voltage control. For the dynamic and transient voltage stability DFIG is much better than SCIG. Right after a severe fault (short circuit), the grid becomes weak and wind farm voltage decreases because of the removal of the faulted line. The wind turbine mechanical torque will be greater than the electro-magnetic torque, which leads to the acceleration of wind turbine and causes most wind turbines to be tripped out by overspeed protection, imperiling the wind farm operation and grid security.
(2) According to the first category of security and stability criteria specified in [9] , the failure set in power system stability calculation is the single-component failure event (N-1) that includes: successful closing the circuit breaker after a single pole opening action in response to a temporary single-line-to-ground fault for any transmission line; not reclosing circuit breakers for three-phase fault in the same voltage level for double-circuit lines, multi-circuit lines, and ring networks; when a single high-voltage line in two voltage level electro-magnetic loop is disconnected, the generators can be tripped or power output can be reduced to maintain system stability if necessary.
(3)The security and stability criteria are: after being disturbed by the failures in (2), the power system protection, circuit breaker and recloser should operate correctly so that the power system can maintain stable operation and supply power normally, while ensuring the wind turbines integrated to grid operate safely.
(4) In the initial operating state, the Point of Common Connection (PCC) power factor of wind farm maintains at 1.0. The reactive power absorbed by wind turbines and reactive power consumed by step-up transformers are compensated by the capacitors of wind turbines and reactive power compensation devices in substations.
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Jia-Jiu Grid Transient Stability Analysis
The Transmission SectionⅠ
The 330 kV Guazhou-Yumen (Gua-Yu) line and two 110 kV Guazhou-Yumenzhen (Gua-Zhen) lines constitute an electro-magnetic loop that forms the transmission section I. Its stability is examined according to three-phase permanent fault in 330 kV Gua-Yu line, and the transient stability limit is 140 MW. If the power flow in 330 kV Gua-Yu line is greater than 145MW during a three-phase permanent fault, the bus voltage of Guazhou 330 kV Substation and the 110 kV systems cannot be restored to acceptable levels. The slip speed of asynchronous generator in wind farm A, B, C will drop continuously and cannot be restored too. Figure 2 shows the changes of some related system stability variables over time. It should be noted that at this time the power angles of the thermal and hydroelectric power generating units in Jia-Jiu Grid remain stable. U is the bus voltage of the wind farm. The s and Q are the slip of the wind turbine and reactive power respectively. δ is the power angle. The δ curve reflects power angle characteristics between the reference power generating unit of the main grid and other thermal and hydroelectric generating units in Jia-Jiu Grid. It examines the power angle stability of other thermal and hydroelectric generating units except wind turbines in a fault. The per unit base value is 100 MVA.
When the power flow in 330 kV Gua-Yu line is smaller than 140MW, if a three-phase permanent fault in 330 kV Gua-Yu line occurs and the line is tripped, the Jia-Jiu Grid can maintain stability. Figure 3 shows the changes of the system stability variables over time. It should be noted that at the fault inception the asynchronous generators deliver reactor power because the internal potential of the generators is far greater than the terminal voltage of the fault line due to electromagnetic inertia. This can be observed from the Q curve. Because the rotor fluxes decay rapidly, this process ends shortly. After the fault is cleared, generators absorb reactive power from the system. It should be noted, because the power flow of the 330 kV line is transferred to the two 110 kV Gua-Zhen lines after clearing the fault, the 110 kV bus voltage of Guazhou substation will rise to 1.2 pu in the transient period. When the system is stabilized the 110 kV bus voltage of Guazhou substation will be below 1.1 pu. Although the bus voltage meets the highest operating voltage requirements of the wind farm, appropriate adjustments of the operating voltage of 110 kV system are required.
The Transmission Section Ⅱ
The Transmission Section Ⅱ refers to the 330 kV Jiayuguan-Yumen (Jia-Yu) line and its transient stability limit is 100 MW. When a three-phase permanent fault occurs in Jia-Yu line and the power flow on the line is greater than 100 MW, the bus voltages of Guazhou 330 kV substation, Yumen 330 kV substation and its 110 kV system cannot be restored to normal levels. The slip of induction generators of wind farm A, B, C will decrease and cannot be restored. The power angles of thermal and hydroelectric power generating units remain stable at this time. Additionally, when Jia-Yu line is tripped out without fault, the power flow of 330 kV line will be transferred to the 110 kV lines and that may result in the overload of the related 110 kV lines. Therefore, for the SPS function to trip generators at this section, it is required to check whether the relevant 110 kV lines are overloaded under a non-fault tripping.
The Transmission Section Ⅲ
The Section Ⅲ is formed by the Jiayuguan-Yangguan (Jia-Yang), Xinbeijiao-803 (Xin-Ba), 803-Yumen (Ba-Yu) 110 kV lines. The main concern of this section is that the normal operation of the electro-magnetic loop, and the overload of the 110 kV Jia-Yang, Xin-Ba and Ba-Yu lines when the 330 kV Jia-Yu and Yu-Gua lines are out of service while the wind and small hydro generators integrated to Yumenzhen & Yangguan substation operate at full capacity. The SPS function to trip generators at this section needs to alleviate the overload of relevant 110 kV lines.
The Transmission Section Ⅳ
The Transmission Section Ⅳ is the connection passage between the Jia-Jiu Grid and the main Grid -the two 330 kV Jia-Zhang lines. The transient stability limit in this section is set at a maximum of 300 MW after the wind power integration. When the power flow in the two 330 kV Jia-Zhang lines is greater than 310MW and a three-phase permanent fault occurs on one of the two lines, the bus voltage of 330 kV Guazhou substation, Yumen substation and its 110 kV system cannot be restored to normal level. The slip of induction generators of wind farm A, B, C will decrease and cannot be restored. The power angles of the thermal & hydroelectric power generating units remain stable.
The main problem in section Ⅰ, Ⅱ, and Ⅳ are the bus voltage of Guazhou 330 kV substation, Yumen 330 kV substation and its 110 kV system cannot be restored to normal level. The slip of induction generators of wind farm A, B, C will decrease and cannot be restored. There is no such problem for wind farm D, E, F and G, because the generators in these farms are DFIG. In addition, within certain power flow level, the wind power generators instability will not lead to instability of the Jia-Jiu Grid. This is evident that the thermal and hydroelectric power generating units remain synchronized with the main grid during the fault clearing process. Therefore, the main consideration of section Ⅰ, Ⅱ, and Ⅳ is to trip the corresponding wind turbines when a fault occurs.
The Configuration and Performance of SPS
In order to improve the power grid transmission capacity to address the grid limitation on wind power output as well as to resolve the transient stability issue on section Ⅰ, Ⅱ, Ⅳ and overload problem on section Ⅲ, a SPS scheme for Jia-Jiu Grid is devised with control units installed in key substations, i.e. Guazhou 330 kV, Jiayuguan 330 kV, Yumen 330 kV, Xinbeijiao 110 kV, Yumenzhen 110 kV, Yumen 110 kV, Yangguan 110 kV, of which the one installed in Guazhou is the control master with the others as slave control stations.
Security Strategy of SPS
For the transmission section Ⅰ, Ⅱ, Ⅳ, the main consideration is to maintain the grid stability after threephase permanent fault occurred on one line of Gua-Yu, JiaYu or Jiayuguan-Zhangye (Jia-Zhang) 330 kV lines. The function of SPS is to choose to trip suitable wind turbines in wind farms A, B, C, D, E, F and G. For the transmission section Ⅱ, the function of SPS is to check if there are any overload on 110 kV lines and trip appropriate wind turbines in wind farms A, B, C, D, E, F and G when line Jia-Yu is out of service without fault. For the transmission section Ⅲ the objective of SPS is to trip appropriate wind turbines in wind farms A, B, C, D, E, F and G after checking whether there is any overload in 110 kV Jia-Yang, Xin-Ba and BaYu lines. The strategy configuration of SPS is shown in Table 2 . 
The Performance of SPS
After a fault, through tripping the wind turbines by SPS, wind turbines can be quickly isolated from absorbing reactive power from grid during the fault transient. This results in a fast recovery of system voltage and ensures the normal power supply. Figure 4 shows the comparison of the system voltage recovery with and without tripping of wind turbines by SPS when Gua-Yu line power flow is 190 MW. It is evident that the tripping of wind turbines after fault is an effective way to ensure reliable power supply.
In the cases studied above, when 400 MW wind power is tripped, the minimum frequency in the 110 kV grid is 49.48 Hz, while the minimum frequency in 330 kV main grid is 49.9 Hz. The removal of wind power has no significant impact on the grid frequency. If there are more wind turbines integrated to the grid, the power frequency stability analysis should be carried out when there is a fault in grid. Through proper configuration of the SPS, the power transmission capacity is improved in Jia-Jiu Grid. Table 3 lists the transient stability level of section Ⅰ, Ⅱ, Ⅲ, Ⅳ before and after the SPS is deployed. 
Conclusion
5.1 As clean energy, wind power is a major new power source supported by state. Systematic planning for wind power development and utilization should be coordinated with transmission grid planning. Systematic study of wind power impacts on the grid operation and dispatching should be carried out in more depth.
5.2 As still in the early stage of wind power development and grid integration the SPS can be an effective choice to mitigate the problems between wind generation and transmission. The SPS should be constantly improved and incorporated into the active power control system for wind turbines while making full use of existing power grid to deliver wind power at the maximum.
5.3 Subject to the performance of different types of wind turbines, DFIG and PMSG are more appropriate for weak power grids.
5.4 Jia-Jiu Grid stability calculation results show that whether unstable SCIG leads to the power system to become unstable depends on the degree of wind power penetration and power flow distribution.
